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ORIGINAL RESEARCH

INTERVENTIONAL

Flow Conditions in the Intracranial Aneurysm Lumen Are
Associated with Inﬂammation and Degenerative Changes of
the Aneurysm Wall
X J. Cebral, X E. Ollikainen, X B.J. Chung, X F. Mut, X V. Sippola, X B.R. Jahromi, X R. Tulamo, X J. Hernesniemi, X M. Niemelä,
X A. Robertson, and X J. Frösen

ABSTRACT
BACKGROUND AND PURPOSE: Saccular intracranial aneurysm is a common disease that may cause devastating intracranial hemorrhage.
Hemodynamics, wall remodeling, and wall inﬂammation have been associated with saccular intracranial aneurysm rupture. We investigated
how saccular intracranial aneurysm hemodynamics is associated with wall remodeling and inﬂammation of the saccular intracranial
aneurysm wall.
MATERIALS AND METHODS: Tissue samples resected during a saccular intracranial aneurysm operation (11 unruptured, 9 ruptured) were
studied with histology and immunohistochemistry. Patient-speciﬁc computational models of hemodynamics were created from preoperative CT angiographies.
RESULTS: More stable and less complex ﬂows were associated with thick, hyperplastic saccular intracranial aneurysm walls, while slower
ﬂows with more diffuse inﬂow were associated with degenerated and decellularized saccular intracranial aneurysm walls. Wall degeneration (P ⫽ .041) and rupture were associated with increased inﬂammation (CD45⫹, P ⫽ .031). High wall shear stress (P ⫽ .018), higher vorticity
(P ⫽ .046), higher viscous dissipation (P ⫽ .046), and high shear rate (P ⫽ .046) were associated with increased inﬂammation. Inﬂammation
was also associated with lack of an intact endothelium (P ⫽ .034) and the presence of organized luminal thrombosis (P ⫽ .018), though
overall organized thrombosis was associated with low minimum wall shear stress (P ⫽ .034) and not with the ﬂow conditions associated
with inﬂammation.
CONCLUSIONS: Flow conditions in the saccular intracranial aneurysm are associated with wall remodeling. Inﬂammation, which is
associated with degenerative wall remodeling and rupture, is related to high ﬂow activity, including elevated wall shear stress. Endothelial
injury may be a mechanism by which ﬂow induces inﬂammation in the saccular intracranial aneurysm wall. Hemodynamic simulations might
prove useful in identifying saccular intracranial aneurysms at risk of developing inﬂammation, a potential biomarker for rupture.
ABBREVIATIONS: max ⫽ maximum; OSI ⫽ oscillatory shear index; sIA ⫽ saccular intracranial aneurysm; VO ⫽ vorticity; WSS ⫽ wall shear stress

S

accular intracranial aneurysm (sIA) is a relatively common
disease (estimated prevalence, 2%–3%1), which is often undiagnosed because of a lack of symptoms but may cause a devastating intracranial hemorrhage. Some patients die immediately after
sIA rupture, and of those patients who make it to the hospital after
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sIA rupture, 27% die despite neurosurgical intensive care.2 Because of the sinister outcome of sIA rupture, many diagnosed
unruptured sIAs are treated to prevent rupture. However, many,
if not most, sIAs do not rupture during life-long follow-up.3
Moreover, currently, sIA rupture can be prevented only by invasive procedures (endovascular or microsurgical occlusion) with a
significant risk of morbidity and even mortality.4 It is therefore
extremely important to distinguish rupture-prone sIAs from
those that will never rupture, especially because unruptured sIAs
are being diagnosed with increasing frequency due to improved
access to MR imaging and other imaging studies of the brain.
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An aneurysm wall ruptures when the wall strength is exceeded
by the mechanical stress imposed on it. Wall strength depends on
wall structure, which is dependent on the cellular and extracellular composition of the sIA wall. The characteristics of the cellular
and extracellular composition of the ruptured or rupture-prone
sIA wall, mainly damage to the endothelium, inflammation, and
loss of mural cells, have been previously reported by us and others.5-8 The cause of these histologic changes, which we refer to as
“degenerative remodeling” remains unknown.
We have previously described the potential mechanism by
which nonphysiologic flow conditions can trigger degenerative
remodeling of the sIA wall via damage to the endothelium.10,11 In
addition, we and others have previously shown that flow and wall
shear stress (WSS) differ in ruptured and unruptured sIAs12-14
and that these flows are associated with changes in sIA morphology.15 The association of flow and WSS with sIA rupture suggests
that they affect sIA wall structure, the main determinant of rupture risk.
Here we studied the possible association of hemodynamics
with the histologic changes of the sIA wall. We focused especially
on wall degeneration, inflammatory cell infiltration, and damage
to the endothelium.

MATERIALS AND METHODS
Patients and Tissue Samples of Intracranial Aneurysms
Patients with intracranial aneurysms that underwent surgical
clipping were considered for the study. Twenty patients with preoperative 3D imaging necessary for computational fluid dynamics
analysis were included (On-line Table 1). During the surgical intervention, after placement of the clip, a tissue sample was harvested from the aneurysm dome for histology and immunohistochemical analysis. The size of the tissue sample excised from the
aneurysm wall varied depending on the size of the aneurysm and
how the aneurysm was clipped (Fig 1). Of these 20 patients, 10
were included in a prior histopathologic study by our group.17
The study was approved by the ethics committee of Helsinki University Central Hospital, and patients gave informed consent to
participate to the study.

FIG 1. Tissue samples were harvested after aneurysm clipping by cutting through the aneurysm dome distal to the clip, as demonstrated in
A (black line represents the estimated site of cut). B, The tissue samples obtained varied signiﬁcantly in size (from small, approximately
2 ⫻ 1 mm tissue samples to half domes with a ⬎10-mm radius). In
addition to variation in size, many of the aneurysm samples had local
variation in the appearance of the wall (B) with translucent areas (asterisk) and thicker wall regions (hash tag). C, In histology, endothelium
(CD31⫹ luminal cells with endothelial cells morphology) was present
in only 3/10 of the studied aneurysm walls. D, In 8/20 aneurysms, the
luminal surface was instead covered by thrombus, and in 7/20 aneurysms, some degree of thrombus organization was observed (hematoxylin-eosin staining). E, Loss of endothelium and organizing luminal
thrombosis were associated with inﬂammatory cell inﬁltration
(CD45⫹) in the aneurysm wall. F, Many of the inﬂammatory cells were
macrophages (CD68⫹). Immunostaining protocol for CD68 is described by Ollikainen et al.17 Scale bars represent a 50-m scale. Negative control for immunostaining is given for CD45 staining (Neg). The
black arrows indicate positive cells.

Computational Flow Analysis
Histology and Immunohistochemistry
The 20 aneurysm tissue samples underwent immunostaining
against CD45 (pan-leukocyte marker, clone 2B11⫹PD7/26, dilution 1:400; DAKO, Glostrup, Denmark; Fig 1). The degree of inflammation in the sIA wall was quantified by calculating the number of CD45-positive cells per standardized surface area (0.613
mm2) under a ⫻20 magnification from 1 to 3 hotspots in the
intracranial aneurysm wall. Degenerative remodeling of the sIA
wall was scored from hematoxylin-eosin staining by using a previously described scale based on the cellular composition of the
sIA wall and the structure of the sIA wall extracellular matrix.6
This scale is associated with the rupture rate.6 The presence of
fresh or organized luminal thrombus was assessed from hematoxylin-eosin staining. The presence of endothelium on the luminal
surface was scored from CD31 immunostainings according to the
morphology of the cell and positivity to CD31 (Fig 1, CD31 data
available for only a subset of 10 aneurysms) as described previously by Ollikainen et al.17
120
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Image-based computational fluid dynamics models were constructed from preoperative 3D CT angiography images.18 CTA
images consisted of approximately 250 axial sections with 512 ⫻
512 pixels and a typical voxel resolution of 0.4 ⫻ 0.4 ⫻ 0.6 mm.
Pulsatile flow simulations were performed by solving the 3D incompressible Navier-Stokes equations by using finite elements on
unstructured grids.19 The computational meshes had a resolution
of 200 m and contained between 2 and 5 million elements. Inflow boundary conditions were prescribed by using the Womersley velocity profile20 and flow waveforms derived from flow measurements in healthy subjects.21,22 Inflow rates were scaled with
the inlet area according to the Murray law,23 and mean flows
ranged from approximately 1.2 to 4.1 mL/s. Outflow conditions
were prescribed by splitting the outflow rates according to the
principle of minimum work (Murray law).23 Vessel walls were
assumed rigid, and blood was approximated as a Newtonian fluid
with a density of  ⫽ 1.0 g/cm3 and a viscosity of 0.04-m poise.
Numeric solutions were obtained for 2 cardiac cycles by using 100

time-steps per cycle. Flow fields corresponding to the second cycle
were saved for analysis.
To characterize the aneurysm hemodynamic environment, we
computed a number of flow variables over the aneurysm region
(On-line Table 2). Exact mathematic definitions of these quantities are given by Mut et al.24 Our choice of mesh resolution and
time-step size has been shown to be adequate for accurate quantification of the spatial and time-averaged quantities considered
in this work.25

Geometric Analysis
The geometry of the aneurysm (ie, its size and shape) was characterized by automatically computing several geometric variables by
using 3D vascular reconstruction (On-line Table 3). Definitions
of these quantities and a physical explanation of their meaning
can be found in Ma et al26 and Raghavan et al.27

wall was considered homogeneous if all values in the sample were
less than a threshold of 10 or greater than a threshold of 200. For
those between these threshold values, a value of (maximum⫺
minimum)/SD ⬍1.0 was considered homogeneous.
Overall, proportions and frequencies were calculated for categoric variables; and for continuous variables, median and range
were used because the distributions of the continuous variables
deviated from normal distribution. The Fisher exact test was used
to compare categoric variables. The nonparametric Spearman
rank correlation test was used for correlations between 2 continuous variables; and the Mann-Whitney U test, for comparison of
continuous and categoric variables. The Mann-Whitney U test
was used as a one-sided test due to our limited statistical power
(ⱕ20 cases). Statistical analyses were performed by using Python
scripts and the SciPy package (http://www.scipy.org/) or SPSS
statistical software (IBM, Armonk, New York). P values ⬍ .05
were considered significant.

Statistical Analysis
Because our hypothesis was that it is the nonphysiologic WSS
(whether too high or too low) but not the physiologic WSS that
triggers the degenerative remodeling and inflammation of the sIA
wall,10 we classified our aneurysms accordingly into groups of
low, mid-, or high WSS instead of directly comparing WSS with
wall remodeling or inflammation. Because there is no clear definition for what constitutes the physiologic range of WSS, especially in a saccular intracranial aneurysm, we classified our aneurysms according to the median of the time and sac-averaged WSS
magnitude (8.9 dyne/cm2) and its SD (12.6 dyne/cm2). These
groups were the following: 1) low WSS: aneurysms with WSS ⬍
WSS0; 2) mid-WSS: aneurysms with WSS0 ⬍ WSS ⬍ WSS1; and
3) high WSS: aneurysms with WSS ⬎ WSS1. The WSS0 and WSS1
were calculated as one-half and twice the WSS median over the 20
aneurysms (WSS0 ⫽ 4.5 dyne/cm2 and WSS1 ⫽ 18.0 dyne/cm2).
The number of inflammatory cells was then compared as a continuous variable among these 3 groups.
Next, to compare the hemodynamic and geometric characteristics between aneurysms with little inflammation or substantial
inflammation, the samples were classified as the following: group
1: little inflammation if the number of CD45⫹ was less than the
median of CD45⫹ counts for all samples, and group 2: substantial
inflammation if the number of CD45⫹ was larger than the median of CD45⫹ counts for all samples. The hemodynamic and
geometric indices were then compared as continuous variables
between the groups.
The flow-related parameters are given as time-averaged (over
systole-diastole) and space-averaged (over aneurysm volume including the neck) values, unless otherwise defined. To study the
potential effect of focal variations in the wall shear stress distribution and in inflammation, we categorized both according to their
heterogeneity and compared the scores. Flow was defined as homogeneous if the mean over time of the spatial SD/mean over
time of the spatial average was ⬍0.5 or the average was ⬍3 dyne/
cm2. All other flows were defined as heterogeneous. Heterogeneity of the CD45 count was considered in the context of the heterogeneity in the reported values for CD45 hotspots. The number of
hotspots ranged from 1 to 3. Samples with only 1 spot were removed from analysis; 18 were assessed for wall heterogeneity. The

RESULTS
Factors Associated with Wall Degeneration and Rupture:
Inﬂammation
In this series, flow-related hemodynamic variables did not significantly differ between ruptured and unruptured sIAs (On-line
Table 3). Of the studied geometric variables, only the ellipticity
index (P ⫽ .047) and Gaussian curvature (P ⫽ .047) were associated with rupture (On-line Table 4).
Compared with sIAs with walls that have a histology most
resembling the composition of the normal arterial wall (A type,
n ⫽ 2), sIAs with both thick walls and hyperplasia of mural cells
(B-type walls, n ⫽ 10) as well as degenerated walls with loss of
mural cells (C type, n ⫽ 8) had less oscillatory flows (lower oscillatory shear index [OSI] and maximum oscillatory shear index
[OSImax], Table 1). Interestingly, thick hyperplastic walls were
also associated with simpler and more stable flows (lower corelen,
vortex core line length, a measure of flow complexity; and lower
podent, proper orthogonal decomposition entropy, a measure of
flow instability; Table 1), whereas loss of mural cells was associated with slower and more diffuse inflows (Table 1).
Degenerated walls characterized by loss of mural cells were
associated with increased infiltration of inflammatory cells (wall
types B versus C, P ⫽ .011; A versus C, P ⫽ .041). In addition to
wall degeneration, inflammation was associated with rupture
(P ⫽ .031, Fig 2A).

Factors Associated with Aneurysm Wall Inﬂammation:
High Flow Conditions and Endothelial Damage
Inflammation was associated with WSS (Figs 2B and 3). The degrees of wall inflammation (CD45⫹ cells) in each WSS group are
presented in Fig 2B. Aneurysms with high WSS (n ⫽ 4) had larger
numbers of inflammatory cells than sIAs with mid-WSS levels
(n ⫽ 9, P ⫽ .018). Also sIAs with low WSS (n ⫽ 7) had somewhat
higher numbers of inflammatory cells than sIAs with mid-WSS
levels, though the difference did not reach statistical significance.
Other flow characteristics associated with increased inflammation were higher vorticity (VO, P ⫽ .046), higher viscous dissipation (P ⫽ .046), and higher shear rate (P ⫽ .046). Heterogeneity in
the distribution of WSS across a single aneurysm sac was associAJNR Am J Neuroradiol 38:119 –26
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Table 1: Associations between ﬂow characteristics and composition of the sIA walla
Wall Type
Hemodynamic
Variable
ICI
Q
Corelen
Podent
OSImax
OSI

A
2.24 (1.92–2.56)
1.71 (1.22–2.19)
5.56 (4.31–6.81)
0.55 (0.37–0.74)
0.47 (0.46–0.49)
0.044 (0.03–0.05)

B
0.62 (0.11–2.91)
0.67 (0.52–2.32)
1.48 (0.00–3.11)
0.24 (0.13–0.54)
0.36 (0.26–0.46)
0.02 (0.01–0.03)

C
0.36 (0.22–1.67)
0.52 (0.31–0.95)
0.46 (0.03–4.80)
0.19 (0.13–0.44)
0.28 (0.10–0.44)
0.01 (0.00–0.03)

P Values
pAB ⫽ .119, pAC ⫽ .04,b pBC ⫽ .334
pAB ⫽ .081, pAC ⫽ .041,b pBC ⫽ .291
pAB ⫽ .021,b pAC ⫽ .088, pBC ⫽ .476
pAB ⫽ .034,b pAC ⫽ .088, pBC ⫽ .334
pAB ⫽ .034,b pAC ⫽ .041,b pBC ⫽ .213
pAB ⫽ .021,b pAC ⫽ .041,b pBC ⫽ .427

Note:—ICI indicates inﬂow concentration index; Q, inﬂow rate into the aneurysm; corelen, vortex core line length, a measure of ﬂow complexity; podent, proper orthogonal
decomposition entropy, a measure of ﬂow instability.
a
Median and range are given for the hemodynamic variables in each wall type group, and corresponding P values for comparisons between groups are given. pAB ⫽ P value (A
vs B), pAC ⫽ P value (A vs C), pBC ⫽ P value (B vs C). Group A is deﬁned by an intact-looking wall with linearly organized smooth muscle cells and intact endothelium; group B,
by smooth muscle cell hyperplasia; and group C, by loss of smooth muscle cells and endothelial cells complemented by degeneration of the extracellular matrix and luminal
thrombosis.
b
Signiﬁcant.

FIG 3. A–F, Three aneurysms from the high WSS group with substantial wall inﬂammation. A–C, CD45 immunostaining and inﬂammatory
cells in brown along with 3 aneurysms from the low WSS group (G–L)
with little wall inﬂammation (J–L, negative CD45 immunostaining).
FIG 2. A, Inﬁltration of inﬂammatory cells (CD45⫹) associated
with rupture and high mean wall shear stress. B, WSS grouping is as
follows: mean WSS of ⬍ 4.5 dyne/cm2 ⫽ low; 4.5 ⬍ mean WSS ⬍
18 dyne/cm2 ⫽ mid; mean WSS ⬎ 18 dyne/cm2 ⫽ high. Bars display
means, and error bars, standard error of mean.

damage to the endothelium may mediate the association of flow
and inflammation.

Factors Associated with Endothelial Damage: High Flow
Conditions
ated with heterogeneity in the number of CD45⫹ cells across the
wall (P ⫽ .035), suggesting that interactions leading to the association of high WSS and inflammation might happen focally at
the wall. More inflammatory cells (CD45⫹) were found in sIA
walls that lacked an intact endothelium (P ⫽ .034, Table 2), as well
as in sIAs with organized thrombus (P ⫽ .018), suggesting that
122
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Lack of an intact endothelium was associated with higher vorticity
(P ⫽ .034), higher viscous dissipation (P ⫽ .020), and higher
shear rate (P ⫽ .034), similar to inflammation. In addition, lack of
an endothelium was associated with lower OSImax (P ⫽ .034),
similar to wall remodeling (B- and C-type walls compared with
A-type walls). In this series, the sIAs that lacked an intact endo-

Table 2: Association of damage to the sIA wall endothelium (assessed through presence of
CD31ⴙ luminal cells with endothelial cell morphology) with wall inﬂammation (CD45ⴙ
cells), hemodynamics, and geometry of the sIAa
Condition of the Endothelium
Variables
Histology
CD45⫹ cells
Hemodynamics
VO
VD
SR
OSImax
Geometry
Size
Nsize
UI
EI

Intact

Damaged

P Value

13 (7–8)

30 (12–279)

.034b

41.2 (38.9–72.3)
23.2 (15.9–45.6)
28.2 (27.7–51.3)
0.30 (0.04–0.41)

191.8 (47.3–317.8)
291.1 (35.0–1027.6)
129.1 (41.5–231.9)
0.18 (0.01–0.47)

b

.034
.020b
.034b
.034b

wall inflammation. Moreover, it suggests that part of the inflammatory cell
response in the sIA wall may be induced
by high flow conditions, independent of
the wall remodeling.

Flow-Mediated Endothelial Damage
as the Trigger of Wall Remodeling
and Inﬂammation?

Endothelial cells are sensors of WSS in
the arterial wall.32 They contribute to
the control of blood flow in the vessel by
15 mm (10–21 mm)
7 mm (4–12 mm)
.020b
b
regulating muscle tone in the vessel wall
9 mm (7–13 mm)
5 mm (4–9 mm)
.020
and subsequently vessel diameter.32 En0.13 (0.04–0.13)
0.25 (0.10–0.35)
.034b
b
0.24 (0.24–0.24)
0.26 (0.25–0.30)
.011
dothelial cells also maintain a very imNote:—VD indicates viscous dissipation; SR. shear rate; Nsize, neck size; UI, increased undulation; EI, ellipticity index.
portant barrier function between the
a
Values are given as median and range.
bloodstream and the vessel wall32-34 and
b
Signiﬁcant.
actively prevent luminal thrombosis.35
The proper function of endothelial cells
thelium were smaller (P ⫽ .020), had smaller necks (P ⫽ .020),
is very easily disturbed by nonphysiologic (either too high or too
and had increased undulation (P ⫽ .034) and ellipticity (P ⫽ .011,
low) WSS.32-34
Table 2).
In our series, sIAs that lacked an intact endothelium had more
inflammation, and lack of an endothelium was associated with
flow conditions similar to those of inflammation. These similar
DISCUSSION
associations among flow conditions, wall inflammation, and loss
Degenerative wall remodeling, inflammation, and nonphysiof endothelial cells suggest that endothelial damage caused by
ologic flow conditions have been previously shown to be associnonphysiologic flow conditions can be a mechanism by which
6,13,14,28
ated with sIA rupture.
Although we and others have sugflow conditions trigger or modulate inflammation in the sIA wall.
gested possible mechanisms by which pathologic flow conditions
Although this is the first study to demonstrate associations
10,12,16,29
may lead to degenerative wall remodeling,
this is the first
with sIA wall degeneration and flow conditions in vivo in true
study that compares in vivo flow conditions with the histology of
sIAs in patients, aberrant flow conditions have been suspected as
human intracranial aneurysms.
promoters of sIA wall degeneration, growth, and rupture before.10,16,31 Loss of an intact endothelium is characteristic of rupFlow Conditions Associated with Degenerative Wall
tured sIAs and of degenerated sIA walls.5,6 Loss of endothelium
Remodeling and Inﬂammation
exposes thrombogenic matrix surfaces35 and thus predisposes to
We have previously shown that loss of mural smooth muscle cells
thrombus formation, which is also characteristic of ruptured sIAs
leads to aneurysm growth and rupture in experimental models9
and of degenerated sIA walls.5,6 Thrombus can trigger and proand is associated with rupture in human sIAs.30 The cause of
mote wall degeneration via several mechanisms that cause cell
smooth muscle cell loss and the degenerative remodeling in hudeath and proteolytic injury.10,16,38 In this series, high inflammaman aneurysms is still unknown, but inflammation of the sIA wall
tion (CD45⫹) was found in sIAs with organized thrombus
has been suggested as a potential cause of the degenerative remod(older thrombus) but not in sIAs with only fresh thrombus,
eling that predisposes to rupture.31 Moreover, even if not the
suggesting that the prolonged presence of thrombus or degracause of wall degeneration, inflammation modulates the remoddation of the thrombus with time is what increases inflammation
eling of the sIA wall.7,10
in the sIA wall.
In this series, proliferative (hyperplasia) wall remodeling was
associated with simple, stable flows, whereas degenerative remodClinical Implications
eling (loss of cells and damage to the extracellular matrix) was
Both high and low WSS have previously been implicated as proassociated with slower and diffuse inflows. Whether simple, stable
moters of sIA wall degeneration.12-14,39 Most interesting, in this
flows are needed for the proliferative remodeling, whereas slower
series, high WSS and conditions of high flow in general (high
and diffuse inflows trigger degenerative processes leading to cell
shear rate, high vorticity, high viscous dissipation) were assocideath in the sIA wall remains to be determined. Inflammation of
ated with inflammation, whereas low flow was associated with a
the sIA wall was significantly associated with high flow conditions
degenerated wall that had lost mural cells. The observation that
(Figs 3 and 4), but not with flow conditions that were associated
different types of flow were associated with distinct histologic
with degenerative remodeling and loss of mural cells (C-type
changes suggests that flow may affect sIA wall remodeling via
walls). This finding could suggest that flow patterns and hemodyseveral mechanisms and that flow conditions can induce different
namic stress may affect sIA wall remodeling, including mural
changes in the sIA wall at different time points during the remodsmooth muscle cell proliferation and cell death, independent of
eling of the sIA wall.40
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indexes are not similarly associated with wall inflammation and
cannot replace flow simulations, even if sIA and parent artery
geometry are some of the main determinants of flow conditions in
the aneurysm.
In this series, flow dynamics was associated with wall inflammation and with other histologic changes in the sIA wall in small
sIAs. Because it is well-established that risk of sIA rupture increases with sIA size42,43 but that many of the sIAs that do rupture
are small,44 it is particularly useful to develop novel diagnostic
tools that would predict rupture risk in small sIAs that otherwise
would be mistaken for benign, low risk lesions.

Limitations of the Study and Topics for Further Studies

FIG 4. Flow conditions in the 6 sample aneurysms (Fig 3) with high or
no inﬂammation in the wall. The visualizations show the following: the
inﬂow jet at peak systole (A–C, J–L), the ﬂow pattern at peak systole
(D–F, M–O), and vortex core lines at 3 instances during the cardiac
cycle (G–I, P–R), to illustrate both the complexity of the ﬂow pattern
and its change during the cycle (instability). An aneurysm with inﬂammation (upper panel) had a strong inﬂow jet impacting the aneurysm
dome and producing complex (but somewhat stable) ﬂow structures
and associated WSS distributions with regions of high WSS and regions of low WSS near the outﬂow. In contrast, aneurysms with no
inﬂammation had more diffuse inﬂows entering the aneurysms at
lower velocity and diffusing into a simpler but more variable (unstable) ﬂow pattern, with associated WSS distribution characterized by a
fairly uniformly low WSS.

Although it is still unclear whether inflammation is the cause
of sIA rupture or a reaction to the cause of the degenerative remodeling that predisposes to rupture, inflammation is clearly an
indicator of a degenerated, rupture-prone sIA wall, as demonstrated by histopathologic studies5,6,28 and by ferumoxytol-based
MR imaging of inflammatory cells in the sIA wall in patients.41
We now demonstrate that flow conditions determined with patient-specific computational fluid dynamics simulations are associated with the presence of inflammation in the sIA wall. This
finding supports the concept that patient-specific flow simulations could be used to distinguish those sIAs that will develop wall
inflammation and thus would require either more frequent follow-up imaging or perhaps even more active treatment. Most
important, our results also show that computerized geometric
124
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Our series is a highly selected one, with bias in sIA size and clinical
risk factors. This kind of selection bias is unavoidable in any kind
of study that uses patient-derived tissue samples collected intraoperatively. Moreover, because not all sIAs undergo an operation
and not all of those that do are suitable for the acquisition of tissue
samples, our series is somewhat limited in number of samples and
statistical power. Computational fluid dynamics models make
several assumptions and are constructed from CTA images with
limited resolution, which could affect the representation of the
intrasaccular flows, especially for aneurysms with narrow necks.
Our findings need to be replicated in other, similar or larger patient series and in experimental models. Experimental models and
computer simulations with cell-cell interaction are needed to establish causality between the different associations and to provide
mechanistic insight.
Most interesting, in this series that focused on the time- and
space-averaged flow conditions in the whole sIA, heterogeneity in
the distribution of WSS across the aneurysm sac was associated
with heterogeneity in the number of CD45⫹ cells in the wall. This
finding suggests that the flow-induced cellular interactions that
lead to increased inflammation (eg, loss of endothelial cells)
might happen focally at the wall. Further studies should include
histologic data from different regions of the sIA wall and spatial
registration of these histologic changes with focal flow conditions.
These studies are also needed to confirm our findings because sIA
walls are highly heterogeneous in structure (Fig 1) and this local
variation in the aneurysm wall may have biased our results because we were not able to analyze the histology of the whole sIA
wall.
In addition, flow simulations need to be correlated with the
biology of the sIA wall and the structural strength of the aneurysm
wall, to develop a diagnostic tool from computational fluid dynamics models.8,35 This requirement is paramount to understand
how different kinds of flow patterns affect the sIA wall, which is
critical to properly use this technology in diagnostics.

CONCLUSIONS
We show that flow conditions in saccular intracranial aneurysms
are associated with inflammation and other histologic changes in
the aneurysm wall. In particular, high- and low-flow conditions
are associated with different wall changes. This study suggests that
computational simulations that determine patient-specific flow
conditions could be used to identify aneurysms at risk for devel-

oping inflammation and other rupture-associated changes in
their walls.
Degenerative wall remodeling, inflammation, and nonphysiologic flow conditions have been previously shown to be associated with sIA rupture.6,13,14,28 Although we and others have suggested possible mechanisms by which pathologic flow conditions
may lead to degenerative wall remodeling,10,12,16,29 this is the first
study that compares in vivo flow conditions with the histology of
human intracranial aneurysms.
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